Previous studies conclusively demonstrated transformation of somatotrophs into bihormonal mammosomatotrophs in gestational lactotroph hyperplasia during pregnancy. Similar transdifferentiation of somatotrophs into thyrotrophs through bihormonal intermediate thryrosomatotrophs was documented during thyrotroph hyperplasia in both rodent and human pituitaries in hypothyroidism. The cessation of the stimulation resulted in reversal of the process in both conditions. The conversion of lactotrophs into somatotrophs was suggested but not documented previously in the human gland. The present study was undertaken to investigate cases of somatotroph hyperplasia by transmission electron microscopy, immunoelectron microscopy using double immunogold labeling for growth hormone and prolactin, as well as combined immunocytochemistry and in situ hybridization. Adenohypophysial tissue was removed from a 38-year-old man and a 29-year-old woman with longstanding acromegaly due to ectopic overproduction of growth hormone-releasing hormone (GRH) by bronchial carcinoid tumors. For comparison, two pituitary biopsies were studied: one from a 38-year old woman with idiopathic lactotroph hyperplasia and one from a 14-year-old boy with secondary lactotroph hyperplasia due to a suprasellar craniopharyngioma. In the patients with somatotroph hyperplasia, the prevailing cell type was the hyperplastic somatotroph joined by mammosomatotroph deriving from lactotrophs, whereas monohormonal lactotrophs were rare. The predominance of mammosomatotrophs and active lactotrophs was documented in the patient with idiopathic lactotroph hyperplasia, whereas the case of the patient with secondary lactotroph hyperplasia was characterized by monohormonal lactotrophs and somatotrophs, but mammosomatotrophs were rare. That finding in the pituitary of the boy suggests that participation of mammosomatotrophs in lactotroph hyperplasia is not unconditional. Our findings conclusively demonstrate conversion of lactotrophs into mammosomatotrophs during somatotroph hyperplasia, providing further evidence for the potential of reversible transdifferentiation between somatotrophs and lactotrophs in response to functional demand.
Adenohypophysial cell multiplication and endocrine activity are dependent upon the coordinated action of a large number of growth factors, cytokines, and neuropeptides, as well as hypothalamic and peripheral target gland hormones, acting on their respective cellular receptors via complex intracellular signaling pathways (1) . Previous studies have demonstrated that nontumorous pituitary cells can adapt to functional demands requiring hypersecretion of a specific hormone, using different mechanisms. Childs and Unabia (2) reported that activin stimulates the synthesis of gonadotropin-releasing hormone (GnRH) receptor, suggesting that activin plays an important role in the increase in numbers of GnRH target cells normally seen before ovulation. Despite specific receptor up-regulation, it is well-known that stimulation of pituitary cells causes morphologic changes characterized by increased size (hypertrophy) and number (hyperplasia). Cellular hypertrophy is easily explained by marked development of cytoplasmic organelles and/or increased number of secretory granules. To understand the development of pituitary hyperplasia, two explanations can be postulated: an increase in cell number due to multiplication of the stimulated cell type (3) (4) (5) or a differentiation of stem cells into mature cells of that cell type (6, 7) . A third mechanism is also conceivable that implies that cells of one line may transform to another cell line, acquiring a change in their morphologic features and secretory capacity-a process termed transdifferentiation (8) . Such an interconversion is viewed as not a direct process but as occurring through transitional cells exhibiting morphologic and functional components common to both cell types.
The presence of bihormonal acidophils-termed mammosomatotrophs, which are simultaneously immunoreactive for growth hormone (GH) and prolactin (PRL)-have been reported in several animal species, such as rat, mice, cows, and so on, under physiological conditions (9) . Mammosomatotrophs have also been demonstrated in nontumorous human pituitaries. They are especially abundant during pregnancy and lactation, associated with massive lactotroph hyperplasia. Such an upsurge of bihormonal cells is concordant with the role of mammosomatotrophs in the functional differentiation of GH-only to PRL-only cells. The opposite of this process, that is, the transformation of PRL-immunoreactive cells into GH-immunoreactive cells, was observed in bovine and rat pituitaries (10, 11) . The possible role of mammosomatotrophs in the conversion of PRL-only to GH-only cells, however, has not been sufficiently investigated.
To our knowledge, the present study is the first that demonstrates marked increase of mammosomatotrophs in nontumorous human pituitaries displaying somatotroph hyperplasia associated clinically with acromegaly. For comparison, samples of pituitary tissue from a patient with idiopathic lactotroph hyperplasia, as well as from a patient with secondary lactotroph hyperplasia, were also included in the study. Our results support the idea that the mammosomatotroph serves as an obligatory transitional cell in the interconversion of somatotroph and lactotroph in the human pituitary.
MATERIAL AND METHODS

Case Histories
Case 1
This 38-year-old man had a longstanding acromegaly. Magnetic resonance imaging demonstrated an enlarged pituitary. During transsphenoidal surgery, no discrete adenoma was found, and the diffuse enlargement of the gland suggested hyperplastic growth. Thus, instead of radical surgery, a biopsy was taken from the area that appeared to be most involved. Subsequent studies revealed that this patient had a gonadotropin hormone-releasing hormone-producing bronchial carcinoid, which was removed 2 years after pituitary surgery.
Case 2
This 28-year-old woman had a history of longstanding acromegaly as well as of menstrual irregularities and galactorrhea. Ten years previously, she had a left upper lobectomy for removal of a bronchial carcinoid. She was known to have metastatic disease. Magnetic resonance imaging documented a diffusely enlarged pituitary. Because treatment with octreotide, a long-acting somatostatin analogue, for 4 months was not effective for, size reduction of the pituitary, hypophysectomy was performed (12) .
Case 3
This 38-year-old mother of two complained of headaches as well as of menstrual irregularities for 11 years. Magnetic resonance imaging showed enlargement of the left side of her pituitary. Blood PRL level was 256 ng/mL, with exaggerated response (up to 1100 ng/mL) after intravenous thyrotropinreleasing hormone (TRH) administration. Her baseline TSH level was also slightly elevated at 6.8 mU/L, rising to 48.5 mU/L after TRH stimulation. The blood levels of other pituitary hormones were within the normal range. Transsphenoidal removal of the affected portion of the pituitary revealed no discrete adenoma. Postoperatively, her blood PRL remained elevated (13) .
Case 4
This 14-year-old boy presented with a cystic suprasellar lesion as well as with hypopituitarism and diabetes insipidus. The tumor, a craniopharyngioma, was surgically removed, and the adjacent adenohypophysis was biopsied.
Histologic and Immunocytochemical Studies
Tissues were fixed in 10% buffered formalin, dehydrated in graded ethanol, paraffin embedded, and sectioned at 5 m.
For histology, the sections were stained with hematoxylin-eosin (H&E), the periodic acid-Schiff (periodic acid-Schiff) method, and the GordonSweet silver method for demonstration of reticulin fibers. Immunocytochemical studies employed the streptavidin-biotin-peroxidase complex technique (14) . Antibodies directed toward all pituitary hormones were applied in all cases. Antisera were directed against the following: GH (DAKO, Carpinteria, CA), PRL (donated by Dr. Friesen, University of Manitoba, Winnipeg, Canada), thyroid-stimulating hormone (␤-TSH, Novocastra, Burlington, Canada), follicle-stimulating hormone (␤-FSH, donated by Dr. Parlow, National Hormone and Pituitary Distribution Agency, Baltimore, MD), luteinizing hormone (␤-LH, donated by Dr. Parlow, National Hormone and Pituitary Distribution Agency), and ␣-subunit of glycoprotein hormones (Biogenex, San Ramon, CA). Details of immunocytochemistry for adenohypophysial hormones, including dilution of antibodies, duration of exposure, and control procedures, have been described elsewhere (15, 16) .
Ultrastructural Studies
For transmission electron microscopy (TEM), additional specimens were fixed overnight at 4°C in 2.5% glutaraldehyde in Sorensen's phosphate buffer (pH 7.4), osmicated for 1 hour at room temperature in 1% OsO 4 in Millonig's buffer (pH 7.4), dehydrated in a graded ethanol series, embedded in an Epon-Araldite mixture, and examined on a Philips 410LS transmission electron microscope.
To assess subcellular localization of GH and PRL in mammosomatotrophs, immunoelectron microscopy (IEM) was performed using the doubleimmunogold method of Bendayan (17) . Before labeling, ultrathin sections were pretreated for 1 hour in a saturated aqueous solution of sodium metaperiodate (18) . One side of the grids was then incubated at 37°C for 12 hours with specific antisera directed toward either GH or PRL. Subsequently, the grids were treated at 37°C for 1 hour with gold-labeled, goat anti-rabbit IgG (Biocell Research Laboratories, Cardiff, UK); particle diameters were either 10 or 20 nm. Between each step, grids were washed in 0.2 M phosphate buffered saline (pH 7.5) admixed with 0.2% cold-water fish gelatin (SigmaAldrich, Oakville, Ontario, Canada). For double immunostaining, the procedure was repeated on the other side of the grid using another specific antibody and a colloidal gold conjugate of a different size. A 10-nm gold particle was used to visualize GH in Cases 1 and 2 and PRL in Cases 3 and 4, whereas a 20-nm gold particle was used to visualize PRL in Cases 1 and 2 and GH in Cases 3 and 4. After immunolabeling, sections were stained with uranyl acetate and examined on a Philips 410 LS transmission electron microscope.
In Situ Hybridization Studies
In situ hybridization (ISH) was performed as described elsewhere (15, 19) . The 35 S -labeled probes were diluted in hybridization buffer, and 1 ϫ 10 6 cpm for PRL and GH were used in ISH. Combined ISH and immunohistochemistry procedures were undertaken with immunohistochemistry initiated after hybridization and 2ϫ SSC washings as described elsewhere (15, 19) . A GH antiserum (1:1000) and PRL antiserum (1:1000) donated by Dr. Parlow of the National Hormone and Pituitary Distribution Agency was used with the avidin-biotin-peroxidase system. Autoradiographic detection of the hybrids was carried out by dipping in Kodak NTB2 emulsion diluted 1:1 with distilled water containing 0.3 M ammonium acetate. Control for in situ hybridization consisted of using GH and PRL sense probes.
RESULTS
Light-Microscopic Findings
In the two cases of acromegaly, portions of nontumorous adenohypophysis were identified as displaying features of somatotroph hyperplasia. The GordonSweet silver stain demonstrated the preservation of the acinar architecture; however, the acini were larger than normal, irregular, and contained considerably more cells than usual. Immunostaining revealed an abundance of cells immunoreactive for GH in the enlarged acini. Immunostaining documented cells immunoreactive for other pituitary hormones interspersed with the hyperplastic somatotrophs.
The pituitary specimens from Cases 3 and 4 showed preserved, but markedly distorted, acinar architecture, and immunostaining documented predominance and massive immunoreactivity of lactotrophs. Within the lesion of the 38-year-old woman, diagnosed as the rare idiopathic lactotroph hyperplasia, the other types of interspersed adenohypophysial cells displayed normal morphology and corresponding immunoreactivity. In the pituitary specimen of the 14-year-old boy with marked lactotroph hyperplasia, secondary to suprasellar craniopharyngioma, somatotrophs and corticotrophs exhibited normal morphology and immunopositivity, whereas the gonadotrophs and thyrotrophs were extremely scanty and small, showing weak immunoreactivity.
Ultrastructural Findings
Fragments of nontumorous adenohypophysis were recognized in the specimens of acromegalic patients. The acinar architecture was preserved, but the acini were expanded in several areas. A strong predominance of somatotrophs was evident in all samples studied. The somatotrophs were admixed with a variable number of thyrotrophs, gonadotrophs, and corticotrophs. Cells having the ultrastructural phenotype of lactotrophs were conclusively identified in all specimens.
The nucleus of somatotrophs possessed prominent nucleolus and scarcity of nuclear heterochromatin. The cytoplasm contained an unusually large and active Golgi apparatus. The majority of somatotrophs were heavily granulated, with abnormally large secretory granules reaching or exceeding 1000 nm in diameter. A few somatotrophs contained fibrous bodies as well. It is of note that fibrous bodies are not present in normal somatotrophs, but they may be present in somatotroph or mammosomatotroph hyperplasia.
IEM demonstrated that most of the cells in the hyperplastic area were immunolabeled only for GH. These cells showed features of typical GH secretory cells. They were spherical or polygonal with variably developed cytoplasmic organelles. The cytoplasm of some cells possessed spherical secretory granules measuring approximately 400 nm in diameter. Occasionally, cells belonging to this phenotype contained a low proportion (1-5%) of smaller secretory granules (approximately 200 nm in mean diameter) that labeled for both GH and PRL.
In contrast to somatotrophs, monohormonal lactotrophs were rarely detected in the specimens.
The double-immunogold method revealed that the cell type bearing ultrastructural features of lactotrophs contained GH and PRL simultaneously in their secretory granules (Fig. 1) . The obviously bihormonal mammosomatotrophs often appeared adjacent to somatotrophs. The mammosomatotrophs contained small as well as large secretory granules. The secretory granules were mainly bihormonal, labeling for both GH and PRL, admixed with secretory granules immunoreactive for either GH or PRL alone (Fig. 2) .
As opposed to the ultrastructural similarity of somatotroph hyperplasias, the TEM features of the two cases of lactotroph hyperplasias were markedly different. The TEM appearance of the idiopathic lactotroph hyperplasia was dominated by active lactotrophs with variable granularity as well as by mammosomatotrophs having large secretory granules and exhibiting granule exocytoses (Fig. 3) . Remarkably, endocrine amyloid, which may be seen in somatotroph adenomas but is not known to occur in the normal gland, was also observed. The other cell types showed normal features. IEM indicated the absence of strictly monohormonal somatotrophs in the sample. Also contrary to expectation, the majority of cells were not monohormonal lactotrophs but were mammosomatotrophs with variable secretory granule size and highly variable proportions of the GH and PRL labels (Fig. 4) .
The secondary lactotroph hyperplasia in the 14-year-old male patient was characterized by large, stimulated lactotrophs possessing masses of rough endoplasmic reticulum (RER), prominent Golgi complex, and very few and small secretory granules, suggesting rapid synthesis and release of the hormone (Fig. 5) . Somatotrophs were typical, with large, ovoid secretory granules (Fig. 6) . The TEM features of corticotrophs appeared normal, whereas gonadotrophs and thyrotrophs were scanty and small with poorly developed organelles, minute secretory granules, and several lysosomes, indicating low endocrine activity. By IEM, this was the only lesion displaying immunoreactivity true to this phenotype. Somatotrophs labeled only for GH; lactotrophs bore only the PRL label, with the exception of occasional double-labeled immature secretory granules within the Golgi area. Only one mammosomatotroph was encountered with typical features (Fig. 7) .
ISH and Immunohistochemical Findings
ISH for GH mRNA demonstrated strong signal in both cases of somatotroph hyperplasia, whereas immunohistochemical (IHC) studies of PRL documented the presence of bihormonal mammosomatotrophs. Combination of ISH for the PRL gene and immunostaining for GH clearly documented that monohormonal lactotrophs were scanty in such pituitaries.
The results of combined ISH and IHC in the two patients with lactotroph hyperplasia were different. Simultaneous ISH and IHC for PRL documented intense hybridization signal and immunoreactivity in both specimens. In the patient with idiopathic lactotroph hyperplasia, ISH for PRL and IHC for GH evidenced the dominance of mammosomatotrophs, whereas monohormonal somatotrophs were scanty. In the pituitary of the young male patient with secondary lactotroph hyperplasia, ISH for PRL and IHC for GH demonstrated the clear separation of the two cell types, documenting only a few bihormonal mammosomatotrophs in the pituitary of this patient.
DISCUSSION
Since the abandonment of the restrictive one cell-one hormone theory, the adenohypophysis has emerged as a remarkably plastic organ. It is able to change its size and increase or reduce the number of specific cell populations to meet the actual requirements of the body. Previous studies have suggested that somatotrophs, the most abundant pituitary cell type, could play a key role in pituitary plasticity (20) . In vitro studies have demonstrated that transdifferentiation of somatotrophs contributes to the preovulatory increase in the number of gonadotrophs (2) . The transformation of somatotrophs into gonadotrophs is presumably a complex process, the first step of which could be the expression of GnRH receptor in somatotrophs. These findings are supported by immunocytochemical detection of Pit-1 immunopositive gonadotrophs in the nontumorous female rat pituitary (21), Pit-1 being an important transcription factor necessary for the expression of GH, PRL, and ␤-TSH subunit genes (22, 23). In contrast to the somatotroph-gonadotroph conversion, transdifferentiation between adenohypophysial cell types belonging to the Pit-1 lineage is easier to understand. Transdifferentiation may occur frequently under physiological and pathological conditions. Mammosomatotrophs have been described in association with hyperprolactinemia reported in different species (24 -28) . Studies of the hyperplastic human pituitary in pregnant women documented a marked increase of mammosomatotrophs and the decrease of somatotrophs, strongly suggesting that a contingent of PRLproducing cells is recruited from somatotrophs. In this process, mammosomatotrophs may serve as a transitional cell type (10, 26, 29) . In rats made hypothyroid by propylthiouracil administration, somatotrophs transform to stimulated thyrotrophs through bihormonal transitional cells, so-called thyrosomatotrophs that exhibit features common to both cell types (8) . Presence of thyrosomatotrophs in human pituitary has been recently reported in cases of thyrotroph hyperplasia due to protracted primary hypothyroidism, supporting the notion that such cells contribute to the development of new thyrotrophs in the human gland as well (20) . Previous experimental studies in rats with chemically induced hypothyroidism demonstrated that transdifferentiation of somatotrophs to thyrotrophs is reversible because thyrotrophs reverted to somatotrophs after discontinuation of propylthiouracil administration (8) . However, the subcellular events leading to the reversion of bihormonal thyrosomatotroph to somatrotrophs has not been documented. The participation of plurihormonal cells in the reverse transdifferentiation of somatotrophs and other pituitary cell types was also investigated.
In vitro and IEM studies demonstrated that in human fetal pituitaries, GH-secreting cells could act as progenitors of PRL secreting cells via an intermediate cell type, the mammosomatotrophs (30, 31) . The close association between human somatotrophs and lactotrophs is similar to that observed in fetal bovine (32) and neonatal rat pituitaries (33) , in which adenohypophysial cells producing PRL were mammosomatotrophs. Several studies have demonstrated that the conversion of somatotrophs to PRL-secreting cells is bidirectional (10, 11) . Thus, the proportion of cells that secreted GH alone increased markedly, and the percentage that released only PRL decreased extensively in human and rat pituitaries after gestation and lactation (10, 27, 34) .
The role of mammosomatotrophs in the development of lactotroph hyperplasia was fully confirmed in the present study: the majority of lactotrophs in the case of idiopathic lactotroph hyperplasia were mammosomatotrophs. However, one should not ignore the finding that lactotroph hyperplasia in the 14-year-old male patient was monohormonal and that mammosomatotrophs were only occasionally noted. The pituitary ultrastructure in this case also indicated marked hypoactivity of gonadotrophs and thyrotrophs, and the boy's diabetes insipidus pointed to the impaired secretion and/or delivery of hypothalamic regulatory hormones. Thus, it is reasonable to suggest that the participation of mammosomatotrophs in lactotroph hyperplasia is not unconditional but is subject to the interplay of other factors determining the endocrine milieu.
This study conclusively demonstrates that the mammosomatotroph plays an important role in the development of somatotroph hyperplasia in the human pituitary as well. Because monohormonal lactotrophs were not apparent in the hyperplastic areas and because some glandular cells with somatotroph phenotype contained bihormonal secretory granules, the presence of mammosomatotroph could be regarded as the morphologic manifestation of an intermediate step in the transdifferentiation of lactotrophs to somatotrophs. Transdifferentiation in nontumorous pituitaries, as in somatotroph hyperplasia, is a reversible process apparently due to transcriptional or posttranscriptional changes requiring the existence of the same mechanism for the activation of GH synthesis and reduction and/or elimination of PRL release. Porter et al. (10) proposed demethylation and methylation of the GH and PRL genes, respectively, to be the genetic events likely to occur after weaning and that result in GH secretion and no PRL synthesis. Recent studies have provided information on the molecular basis of the specific regulation of PRL and GH gene transcription that could play an important role in the process of transdifferentiation. It was suggested that Pit-1 expression may directly or indirectly regulate somatotrophs and lactotrophs through activation of GRH and somatostatin receptors on the one hand and of dopamine on the other hand (35) (36) (37) . In addition to Pit-1, other transcription factors and homeobox genes may be required for generating various pituitary cell phenotypes belonging to the Pit-1 lineage (38 -40) .
One intriguing fact emerging from our studies should be commented upon briefly. In three of the four patients with pituitary hyperplasia, the immunoreactivities did not correspond to the morphologic phenotypes. In somatotroph, hyperplasia cells having the ultrastructural appearance of lactotrophs produced GH as well, whereas in lactotroph, hyperplasia cells possessing somatotroph features were evidently bihormonal. The question is whether these findings are in conflict with the Virchowian principles or whether they simply re- flect the basic contradiction of pathology, that is, the need to precisely define an ongoing pathological process based on static images provided by morphologic methods. In the present studies, the apparently discrepant results may signify that the morphologic changes lag behind the functional ones. In this context, the combination of electron microscopy and immunocytochemistry may provide an insight into the ongoing process of transdifferentiation and the innate plasticity of adenohypophysial cells.
